Permafrost thaw liberates frozen organic carbon, which is decomposed into carbon dioxide (CO 2 ) and methane (CH 4 ). The release of these greenhouse gases (GHGs) forms a positive feedback to atmospheric CO 2 and CH 4 concentrations and accelerates climate change 1, 2 . Current studies report a minor importance of CH 4 production in water-saturated (anoxic) permafrost soils [3] [4] [5] [6] and a stronger permafrost carbon-climate feedback from drained (oxic) soils 1, 7 . Here we show through seven-year laboratory incubations that equal amounts of CO 2 and CH 4 are formed in thawing permafrost under anoxic conditions after stable CH 4 -producing microbial communities have established. Less permafrost carbon was mineralized under anoxic conditions but more CO 2 -carbon equivalents (CO 2 -Ce) were formed than under oxic conditions when the higher global warming potential (GWP) of CH 4 is taken into account 8 . A model of organic carbon decomposition, calibrated with the observed decomposition data, predicts a higher loss of permafrost carbon under oxic conditions (113 ± 58 g CO 2 -C kgC −1 (kgC, kilograms of carbon)) by 2100, but a twice as high production of CO 2 -Ce (241 ± 138 g CO 2 -Ce kgC −1 ) under anoxic conditions. These findings challenge the view of a stronger permafrost carbon-climate feedback from drained soils 1, 7 and emphasize the importance of CH 4 production in thawing permafrost on climate-relevant timescales.
Permafrost-affected landscapes of the northern hemisphere contain about 1,300 Pg of organic carbon of which about 800 Pg are perennially frozen in permafrost 9 . The predicted thawing of permafrost 1 will cause the microbial decomposition of this currently frozen organic carbon. In drained oxic soils, microorganisms oxidize organic carbon to CO 2 . Anoxic conditions, which prevail in water-saturated soils, slow down organic carbon decomposition 7 , but enable the formation of both CO 2 and CH 4 ; the latter has at least a 28-fold GWP of CO 2 (100 years) 8 . As permafrost impedes water drainage, water-saturated soils are widespread in permafrostaffected landscapes, although landscape hydrology will probably change in response to permafrost thawing 10, 11 . However, a major knowledge gap today concerns the dynamics of long-term anoxic organic carbon mineralization from thawing permafrost 12 , which prevents a reliable projection of future land-atmosphere GHG exchange in northern permafrost areas.
Although field observations demonstrate rising CH 4 emissions with soil warming and increased permafrost thaw 13, 14 , laboratory incubations indicate that CH 4 represents only a minor fraction of the total anoxic organic carbon decomposition in thawing permafrost [3] [4] [5] [6] . Therefore, the current evidence suggests that permafrost thaw in dry soils will cause a stronger permafrost carbon-climate feedback than in water-saturated soils 1, 7 . However, anoxic incubation studies of permafrost are scarce and generally last for only several days to weeks [4] [5] [6] . Consequently, the role of CH 4 production on climate-relevant timescales is still highly uncertain.
We challenged the existing view that CH 4 production is of minor importance for organic carbon decomposition in thawing permafrost by two hypotheses. (1) The reported low contribution of CH 4 production to anoxic carbon decomposition in thawing permafrost is due to the lack of an active methanogen community that only establishes over longer time periods. (2) Long-term anoxic permafrost organic matter decomposition releases less carbon but more CO 2 -Ce than oxic organic matter decomposition when considering the higher GWP of CH 4 .
To test these hypotheses, we combined long-term incubation studies (> 7 yrs) of permafrost samples with numerical modelling and simulated both oxic and anoxic GHG production from thawing permafrost until 2100. Permafrost samples (n = 29) from two sites in northeast Siberia (Holocene river deposits and Pleistocene Yedoma sediments) were incubated under oxic and anoxic conditions at 4 °C (ref. 15 ). Samples were pre-incubated for four years until constant CH 4 production rates were recorded in most of the anoxic samples before the start of the main experiment, which spanned another three years ( Supplementary Fig. 1 ).
The maximum CO 2 production rates were observed both under oxic and anoxic conditions at the beginning of the pre-incubation phase 15 , but anoxic CH 4 production only started after a lag phase that lasted from a few weeks up to several years. The multi-annual lag phases indicate a low abundance of methanogenic communities in the original samples, which may be caused by permafrost formation under conditions not suitable for methanogenesis, for example, in dry soils 16, 17 . However, these communities were activated after suitable conditions prevailed for a long-enough time. Only four samples showed no CH 4 production even after seven incubation years (Supplementary Table 1 ). The gene-copy numbers of the key enzyme of methanogenic archaea (mcrA) were below the detection limit in these four samples (Supplementary Table 2 ). When these inactive samples are inoculated with permafrost material that contains active methanogens, CH 4 production could be established instantaneously in most samples ( Fig. 1 and Supplementary Table  2) . Hence, the lack in CH 4 production in these samples was caused Methane production as key to the greenhouse gas budget of thawing permafrost Christian Knoblauch
1,2
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After the pre-incubation phase of four years, representative samples (n = 12, organic carbon content of 0.6-12.4% (Supplementary Table 1)) that passed the maximum CH 4 production rates were selected for the main experiment (Methods and Supplementary  Fig. 1 ). Maximum CH 4 production rates in these samples (mean = 4.9 ± 3.1 g CH 4 -C kgC Table 1 )) were four times higher than the maximum rates (1.2 g CH 4 -C kgC
) from mainly short-term incubation studies of panArctic soils 12 . Under field conditions, permafrost thaw enables the exchange of labile organic matter between the active layer and the former permafrost, for example, by cryoturbation 18 or the leaching of dissolved organic carbon 19 . To simulate the input of fresh plant litter into thawing permafrost, the organic carbon mineralized during the pre-incubation phase was backfilled at the onset of the main experiment with 13 C-labelled carbon from Carex aquatilis. GHG production from the permafrost carbon was quantified over another three years by the amount and the δ 13 C signature of the produced CO 2 and CH 4 (Methods). Only GHG production from permafrost carbon, excluding GHG production from Carex carbon, was then used to calibrate a two-pool model of organic carbon decomposition that was fitted to the nonlinear decomposition of permafrost carbon over time (Fig. 2) . After calibration, the model was run forward for each sample until 2100 (Methods).
At the onset of the main experiment, CO 2 and CH 4 production rates from permafrost organic carbon were generally slightly higher than at the end of the pre-incubation phase, which might be due to the availability of fresh Carex litter that causes a positive 'priming' of permafrost organic carbon decomposition. However, this priming effect only lasted for about one month and caused a minor increase of permafrost organic carbon decomposition (Supplementary  Information and Supplementary Table 3 ). Organic carbon decomposition rates further declined over the incubation period, which was most probably caused by the decreasing availability of labile organic components. During the three incubation years of the main experiment, a mean amount of 19 ± 9.6 g CO 2 -C per kilogram of permafrost carbon (n = 12) was mineralized to CO 2 under oxic conditions (Supplementary Table 4 ). Anoxic conditions slowed down the organic carbon mineralization by a factor of 3.0 ± 1.2 (n = 12 (Supplementary Table 4 )), which confirms the ratio (3.4) previously reported as the mean for permafrost-affected soils 7 . However, more importantly, a similar amount of permafrost carbon was mineralized to CO 2 (3.2 ± 1.7 g CO 2 -C kgC
, n = 12) and to CH 4 (3.6 ± 1.9 g
, n = 12). When considering the higher GWP of CH 4 , the average production of CO 2 -Ce under anoxic conditions (40 ± 21 g CO 2 -Ce kgC −1 (Supplementary Table 4 )) was about twice as high as that under oxic conditions. The CO 2 :CH 4 ratio for anaerobic organic carbon decomposition depends on the oxidation state of the organic carbon and the availability of alternative electron acceptors, such as nitrate, ferric iron or sulfate, but under the optimum conditions for methanogenesis, about equal amounts of CH 4 and CO 2 are formed 20, 21 . The CO 2 :CH 4 ratio of 0.92 ± 0.18 (n = 12 (Fig.  2b inset and Supplementary Table 4 ) from the long-term incubations is close to the theoretical value of about one, but three orders of magnitude lower than the ratio reported for permafrost samples (median = 1,163) in a meta-analysis of mainly short-term incubations 12 .
Our results indicate an equal contribution of CO 2 and CH 4 production during anaerobic decomposition of permafrost organic carbon as soon as an active methanogen community has established (hypothesis (1)).
Available field observations consistently show CH 4 production in the active layer of water-saturated permafrost soils 13, [22] [23] [24] and indicate elevated CH 4 emissions after permafrost thaw as long as the water-saturated conditions prevail 13, 14, 22 . Therefore, it is unclear if the observed long-lag phase is also required to establish active methanogenesis under field conditions, in which organic matter, nutrients and organisms can be exchanged within the total soil profile, and thereby promote methanogenesis at the bottom of the active layer.
The multi-annual incubations provided a data set that enabled the calibration of a carbon-decomposition model for predicting longterm CO 2 and CH 4 formation from thawing permafrost. Under oxic conditions, the model predicts an average degradation of 113 ± 58 g CO 2 -C per kilogram of the permafrost organic carbon until 2100 (Fig. 3a) when microbial activity during is assumed for four months per year, which represents the short summer-thaw period of permafrost soils (Methods). These model results are in the range of the current estimates of oxic long-term permafrost organic carbon decomposition 15, 25, 26 . Under anoxic conditions, the CO 2 production accounts for 17 ± 9.3 g CO 2 -C per kilogram of the initial permafrost carbon and CH 4 production releases 22 ± 13 g CH 4 -C per kilogram of permafrost carbon ( Fig. 3a and Supplementary Table 5 ). However, when the GHG production under oxic and anoxic conditions is compared based on CO 2 -Ce, that is, by considering a GWP of 28 for CH 4 (weight corrected), the GHG release under anoxic conditions is, on average, 2.4 ± 1.2 times higher than that under oxic conditions (hypothesis (2) (Fig. 3b and Supplementary Table 5) ). These observation-calibrated long-term estimates of anoxic CO 2 and CH 4 production contradict recent studies that report the minor importance of methanogenesis and a lower GHG production after permafrost thaw under water-saturated anoxic conditions 3, 4, 7, 12 . The predicted formation of CH 4 over 90 years (until 2100) relates to an annual production of about 0.24 g CH 4 -C kgC −1 yr −1 . These rates are lower than the maximum CH 4 production rates (1.2 g CH 4 -C kgC
) reported from mainly short-term incubation studies 12 , but our long-term estimates are probably more relevant for predicting GHG production from thawing permafrost on climate-relevant timescales. Decadal scale (60 years) in situ CH 4 production rates (0.50 g CH 4 -C kgC
) from thawing permafrost that surrounds arctic thermokarst lakes 27 are close to our estimates, even though our model considers CH 4 formation only during four months of summer thaw, whereas unfrozen thermokarst lake sediments produce CH 4 year round. However, in situ CH 4 fluxes from thawing permafrost in two boreal peatlands (0.02-0.04 g CH 4 -C kgC
) (ref.
24
) are below the range of our long-term estimates (0.09-0.46 g CH 4 -C kgC
), which indicates a low decomposability of the woody and Sphagnum peat in these peatlands 24 , but might also be influenced by CH 4 oxidation during CH 4 transport from the anoxic peat into the atmosphere 23 . 
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In their permanently frozen subsurface, permafrost soils contain substantial amounts of organic matter because its decomposition is prevented by freezing temperatures 9 . Furthermore, permafrost impedes water drainage, which causes a widespread occurrence of water-saturated soils and sediments in the northern permafrost region 11 . We can, therefore, also assume a high relevance of anaerobic permafrost carbon mineralization at the pan-Arctic scale. To contribute to this discussion, we combined, in a simplified assessment, the results from our decomposition model with data from permafrost carbon profiles and thawing-depth simulations (Supplementary Information). In this scenario, less than onethird of thawing permafrost organic carbon would thaw by 2100 under water-saturated conditions (Supplementary Table 6 ) and the carbon release from thawing permafrost would be substantially higher under non-saturated conditions (2.6 ± 3.2 Pg -9.5 ± 7.0 Pg CO 2 -C) than under saturated conditions (0.4 ± 0.6 Pg -1.4 ± 1.4 Pg CO 2 -C and CH 4 -C). However, due to the equal share of CO 2 and CH 4 formation under water-saturated conditions, the GHG production from permafrost thawing at the bottom of water-saturated soils, if expressed as CO 2 -Ce (2.4 ± 3.7 Pg -8.9 ± 8.8 Pg CO 2 -Ce (Supplementary Table 6 )), would almost equal those under nonsaturated conditions at the pan-Arctic scale. The large uncertainty in these estimates reflects the simplicity of our calculation, which was intended to assess the importance of anoxic decomposition pathways for GHG production in permafrost regions and encourage further spatially explicit approaches. CH 4 production rates in organic permafrost soils, which store about 14% of organic carbon in permafrost landscapes 9 , were generally found to be higher than those in mineral soils 6, 12 , even if this is not always the case 24 . As we incubated only mineral soil samples, our spatial extrapolation on potential CH 4 production from thawing permafrost organic carbon is therefore probably conservative.
However, GHG production in thawing permafrost cannot be transcribed directly into GHG emissions to the atmosphere because a variable fraction of CH 4 produced in thawing permafrost will be oxidized by microorganisms to CO 2 when passing oxic soil or sediment layers 23, 28 . In this context, the vegetation composition plays a crucial role because many vascular wetland plants channel CH 4 from its production zone into the atmosphere and thereby circumvent its oxidation 23 . However, even relatively low CH 4 fluxes may turn northern wetlands from a carbon sink into a GHG source (based on CO 2 -Ce) when considering the higher GWP of CH 4 (refs 29, 30 ). 
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Our results from laboratory incubations and numerical modelling, which enable a direct comparison of CO 2 and CH 4 formation in thawing permafrost on climate-relevant timescales, contradict the current view of a stronger permafrost-carbon climate feedback from drained oxic soils and provide a data-informed projection of long-term CH 4 production from thawing permafrost. Sound predictions on the future pan-Arctic release of CO 2 and CH 4 from thawing permafrost need a better understanding of future wetland distribution and hydrology in the permafrost region, as well as of in situ CH 4 production in watersaturated permafrost soils, with particular emphasis on organic soils, which play a key role for CH 4 fluxes from permafrost landscapes.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41558-018-0095-z.
Letters
Nature Climate ChaNge
Methods Soil sampling and sample description. Permafrost samples were collected from two islands in the northeast Siberian Lena Delta situated in the zone of continuous deep permafrost. The mean annual air temperature at the sampling sites is − 12.5 °C and the permafrost temperature is − 9 °C (ref. 31 ). Samoylov Island (72.369 N, 126.475 E) comprises Holocene permafrost deposits and is characterized by polygonal tundra with alternating water-saturated polygon centres and drier polygon rims. Soils in the wet polygon centres were classified as Typic Historthels and at the drier rims as Typic Aquiturbels 32 . The vegetation is composed of two strata, a moss/lichen layer and a grass/sedge layer. The dominant vascular plant is C. aquatilis 32 , which is most abundant in the moist polygon centres. The surface active layer thaws for about four months per year to a mean depth of 50 cm (ref. 31 ). Kurungnakh Island (72.333 N, 126.283 E) is composed of late Pleistocene Ice Complex deposits (Yedoma) and characterized by polygonal tundra and widespread thermokarst features 33 . Samples from Samoylov Island (n = 9) were collected from 0.6 to 4.3 m depth ( 14 C age, 0.18-2.5 thousand years ago (ka)). The samples from Kurungnakh Island were taken from the permafrost surface (0.7 m) to a depth of 23 m. Between 0.7 m and 2.5 m, the carbon was of Holocene age ( 14 C age 2.3 to about 8.7 ka, n = 4). Pleistocene samples from below were deposited during the last glacial maximum (Sartan, 3.1-11.7 m depth, 14 C ages of about 14-29 ka, n = 10) and the late Pleistocene optimum (Kargin, 16-23 m depth, 14 C ages of about 34-420 ka, n = 6). Organic carbon concentrations in the Samoylov Island samples ranged between 0.6 and 6.8% and in the Kurunkgnakh Island samples between 0.6 and 12.4%, with highest concentrations in the Holocene deposits and lowest concentrations in the Sartan deposits. All the samples were collected in the frozen state and stored frozen until processed in the laboratory. Further details on the sampling and sample characteristics were given previously 15 and are in Supplementary Table 1.
Stable isotope labelling of C. aquatilis. C. aquatilis plants were labelled with 13 CO 2 at a water-inundated site on Samoylov Island in July 2008. Before labelling, all the C. aquatilis leaves were clipped below the water table. Subsequently, an area of 0.5 × 0.5 m was covered every day between 11:00 and 15:00 with a transparent chamber (0.25 m high) to which 98 atom% 13 CO 2 was added, to reach about twice the ambient concentrations of CO 2 . After three weeks, the fresh 13 C-labelled leaf biomass was clipped above the water table.
Incubation experiments. The set-up of the initial incubation experiment is described in detail elsewhere 15 . Briefly, samples were thawed in a refrigerator at about 2 °C. Six aliquots of about 20 g of fresh weight were placed in sterile 120 ml incubation flasks that were closed with sterile butyl-rubber stoppers. Samples for anoxic incubations were processed first and handled under a constant flow of sterilized molecular nitrogen to minimize oxygen exposure. The anoxic incubations (three replicates) were amended with 5 ml of anoxic sterile water and the headspace was repeatedly exchanged with pure sterilized nitrogen to establish anoxic conditions. No water was added to the other three replicates, which were incubated under oxic conditions. CO 2 and CH 4 concentrations in the headspace of all replicates were measured with a gas chromatograph (GC) (7890 (Agilent Technologies)) 15 . The total amount of CO 2 and CH 4 was calculated from the partial pressure of the gases, the temperature, the head space volume, the amount of water and the water solubility of CH 4 (ref. 34 ) and CO 2 by also considering carbonate and bicarbonate concentrations at the given pH (ref. 35 ), which ranged between 4.0 and 8.1 (Supplementary Table 1 ). A timeline of the incubation experiment is given in Supplementary Fig. 1 . If not stated otherwise, all CO 2 and CH 4 production data are normalized to gram permafrost organic carbon. Samples were incubated at 4 °C. As CH 4 production only started after a lag phase of few weeks up to several years (mean 635 ± 620 days, n = 60 (Supplementary Table 1) ), aerobic and anaerobic samples were pre-incubated with three replicates both under oxic and anoxic conditions for four years until most of the anoxically incubated samples established a stable CH 4 -producing community (pre-incubation). Subsequently, 12 representative samples that passed the maximum CH 4 -production rates were selected for the main experiment (Supplementary Table 1 ). Preference was given to surface samples where permafrost thaw is expected to be most pronounced and to samples with three oxic and anoxic replicates still available. At the onset of the main experiment, the organic carbon that was respired during the preincubation phase was backfilled with 13 C-labelled organic matter from C. aquatilis (δ 13 C = 774‰ Vienna PeeDee Belemnite (VPDB)). The addition of structural carbon from C. aquatilis, the most-abundant vascular plant at the sampling sites, was aimed to simulate the input of fresh organic matter from the recent vegetation into the thawed permafrost. After the addition of Carex plant material to the 12 samples selected for the main experiment, the samples were incubated under the same conditions as before for another three years.
The remaining 17 samples were incubated continuously at 4 °C for another three years ( Supplementary Fig. 1 ). At the end of the incubation time of these samples (7 years) CH 4 production was detectable in all except for four samples (Supplementary Table 1 ). To test if the lack of CH 4 production was due to the absence of a methanogen community, these samples were inoculated with 1 ml of a permafrost sample that contained an active methanogen community (Kurungnakh, 21.0-21.7 m depth, 14 C age of 40.0 ka). After inoculation, the samples were incubated for another 0.6 years at 4 °C and CH 4 and CO 2 concentrations were measured repeatedly. Before inoculation and at the end of the 0.6 years of incubation, subsamples were taken from these four samples and the inoculum to quantify the mcrA gene as a marker for the methanogenic key enzyme methylcoenzyme M reductase (Supplementary Table 2 ).
Partitioning of CO 2 and CH 4 production into permafrost organic carbon and Carex organic carbon. A simple two endmember model 36 was applied to partition the total amount of CO 2 and CH 4 produced in the main experiment into the CO 2 and CH 4 that originated from permafrost organic carbon and the CO 2 and CH 4 that originated from Carex organic carbon. The fraction of CO 2 or CH 4 that originated from permafrost organic carbon was calculated according to equation (1): is the δ 13 C value of the released gas (CO 2 or CH 4 ), δ 13 C Car is the δ 13 C value of the added Carex plant material (774‰ VPDB) and δ 13 C Poc is the δ 13 C value of the CO 2 or CH 4 at the end of the pre-incubation phase, which originated only from permafrost organic carbon. The fraction of CO 2 or CH 4 that originated from Carex organic matter was calculated according to equation (2):
Car Poc where f Car is the fraction of produced CO 2 or CH 4 from Carex organic matter. The partitioning of the produced CO 2 and CH 4 during the main experiment was done for each measurement (aerobic incubations, n = 21; anaerobic incubations, n = 16) for each of the replicates.
Stable carbon isotope analysis. The δ
13
C values of CO 2 and CH 4 were determined with an isotope ratio mass spectrometer (Delta Plus (ThermoQuest Finnigan)) equipped with a GC (6890 (Agilent)) and a GC/C III combustion unit (ThermoQuest Finnigan). The external standards IAEA NGS3 (− 73.3‰ VPDB), LSVEC (− 46.6‰ VPDB) and B7 (− 3.0‰ VPDB) were used for unlabelled samples. CO 2 and CH 4 from the main experiment were measured against the IAEA standards 303A (93.3‰ VPDB) and 303B (466‰ VPDB) to account for the higher δ Organic matter dynamic decomposition model and extrapolation into future. The cumulative CO 2 and CH 4 production from thawed permafrost organic carbon during the main experiment (three years of incubation data after four years of pre-incubation) were used to calibrate a model of organic carbon decomposition and simulate GHG formation from the thawed permafrost samples until 2100. The model follows the principles of the Introductory Carbon Balance Model 15, 37 . A firstorder kinetics equation represents the change of organic carbon content in time. This equation is applied to two carbon pools with high and low rate constants, respectively 38 . A fraction of the degrading material from the fast decomposable pool (labile pool) flows into the slower decomposable pool (stable pool), which represents the stabilization of organic carbon due to a variety of soil processes. The remaining part leaves the system as the trace gases CO 2 or CH 4 . The degradation of the more-stable pool is assumed to contribute fully to the trace-gas flux. The initial condition of the total organic carbon content is prescribed by observations. The initial fraction of the labile pool is treated as a parameter and the initial fraction of the stable organic carbon pool is then calculated as the difference to the total organic carbon content. A nonlinear least-squares approach with a trust-regionreflective algorithm in MATLAB R2015a (MathWorks Inc.) was used to optimize the following four model parameters: two turnover times (labile and stable pool), initial labile carbon-pool fraction and the stabilization coefficient. The model was calibrated against the cumulative GHG production from each sample and replicate. Then, the calibrated model was run forward for 90 years for each sample and replicate. In doing so, microbial decomposition processes were assumed to be constantly active during four summer months at the temperature of incubation (4 °C), following recent observations at the sampling sites 31 . The model results for aerobic CO 2 production and anaerobic CO 2 and CH 4 production are reported relative to the initial organic carbon content of the respective permafrost samples (Fig. 3a) . The results for CH 4 production were also multiplied by the GWP of CH 4 (weight corrected) to compare the aerobic and anaerobic GHG production based on CO 2 -Ce (Fig. 3b) . Data on the projected organic carbon degradation were tested for normal distribution by using the Kolmogorov-Smirnov test with Lilliefors correction. Calibrating the carbon decomposition model with the incubation data of only the first year of the main experiment (after four years of pre-incubation) produced similar results to those if the whole data set of three years was used (Supplementary Fig. 2) .
Quantification of the methanogen community. The total genomic DNA was extracted in duplicates using the PowerSoil DNA extraction kit (MO BIO laboratories) according to the manufacturer's protocol with the modification
